Deterioration of the immune and skeletal systems, each of which parallel obesity, reflects a fragile interrelationship between adiposity and osteoimmunology. Using a murine model of diet-induced obesity, this study investigated the ability of mechanical signals to protect the skeletal-immune systems at the tissue, cellular, and molecular level. A long-term (7 mo) high-fat diet increased total adiposity (؉62%), accelerated age-related loss of trabecular bone (؊61%), and markedly reduced B-cell number in the marrow (؊52%) and blood (؊36%) compared to mice fed a regular diet. In the final 4 mo of the protocol, the application of low-magnitude mechanical signals (0. 
Consequences of obesity include type II diabetes (1), osteoporosis (2) (3) (4) (5) (6) (7) (8) , and immune system dysfunction (9 -11) . Considering the close interactions between the immune and skeletal systems (12) , it is plausible that an intervention effective in preserving bone mass may also help protect the immune system, ultimately reducing the severe systemic complications inherent to diabetes and obesity. As proof of principle in this regard, exercise has been shown to suppress obesity (13, 14) , slow diabetes (15, 16) , inhibit osteoporosis (17, 18) , and strengthen the immune system (19) . However, these salutary responses to this common "intervention" are most typically considered a generic, metabolic outcome of exertion (20) , rather than a specific influence of mechanical signals on cell activity.
In some contrast to strenuous exercise, extremely low-magnitude mechanical signals have been shown to suppress adiposity (21, 22) and stimulate bone formation (23) (24) (25) , to some degree by biasing mesenchymal stem cell (MSC) lineage selection toward osteoblastogenesis and away from adipogenesis (24) . While this work has focused on mechanically driving the fate of MSCs, it is important to recognize that bone architecture is ultimately a product of both bone formation and bone resorption, the latter orchestrated through osteoclastogenesis and osteoclast activity (26 -28) . As the hematopoietic stem cell (HSC) is both the osteoclast and immune cell progenitor, and shares the bone marrow niche with the MSC, it becomes important to understand how obesity may perturb, and mechanical signals normalize, osteoclast activity and leukocyte distribution.
HSCs give rise to osteoclasts through the myeloid lineage, while lymphocytes such as B cells derive through the lymphoid pathway. Given the dichotomous early differentiation pathway of the HSC, an increased commitment toward one of these two lineages would inevitably decrease commitment toward the other. Indeed, obesity-related immune system dysfunction, as characterized by a reduction of immune cell proliferation and function (10, 11) , may in some part be caused by a bias of HSC differentiation away from the lymphoid lineage and help explain the increase in osteoclasts via the myeloid lineage (2, 4) , the result of which is an accelerated loss of trabecular bone (2, 6) . In the study reported here, we examine the effect of diet-induced obesity on the skeletal and immune systems. Building on the demonstrated salutary effects of low-magnitude mechanical signals on adiposity (22) and MSCs (24), we investigate whether these signals, introduced into the obese animal, can bias HSC fate away from osteoclastogenesis and toward lymphopoiesis, ultimately helping to reestablish bone mass and restore the immune system.
MATERIALS AND METHODS

Experimental design
All animal protocols were reviewed and approved by the Stony Brook University Institutional Animal Care and Use Committee. This experiment consisted of two phases ( Fig. 1) , designed first to quantify the consequences of a high-fat diet on several physiological systems, and second to establish the capacity of low-intensity vibration (LIV) to mitigate any damage. Phase I started with twenty 2-mo old male C57BL/6J mice (Charles River, Wilmington, MA, USA), weightmatched, single-housed, and assigned to 4 groups: high-fat diet control (HFc); 2) high-fat diet ϩ LIV (HFv); regular diet control (RDc); and regular diet ϩ LIV (RDv) (nϭ5/group). Phase I employed a differential diet for 3 mo: Mice were fed either a regular or a high-fat diet (45% kcal from fat; van Heek Series 58V8; TestDiet, Richmond, IN, USA) ad libitum. In phase II, 4 mo in duration, RDv and HFv mice were subjected to LIV (0.2 g, 90 Hz sine wave, 15 min/d, 5 d/wk; where g is earth's gravitational field, or 9.8 m/s 2 ), delivered through a vertically oscillating platform (displacement ϳ100 m; Marodyne, Lakeland, FL, USA). All animals in the HFc and RDc groups were sham handled by placing them on an inactive platform for the same period each day. Animal weight and food intake were monitored weekly, and spleen weight was measured at euthanasia.
Quantification of adiposity and trabecular bone
Longitudinal in vivo measurements of fat and bone were performed for each animal at the end of phases I and II, using microcomputed tomography (CT; vivaCT 40; Scanco Medical Inc., Brüttisellen, Switzerland). Calibration phantoms were scanned to establish accurate physical densities from the tissue linear attenuation values of the X-ray. The adipose tissue in the abdominal region (45 kV at 133 A) and the trabecular bone in the proximal tibia (55 kV at 109 A) were scanned at 76-and 17-m isotropic resolution, respectively. Animals were positioned in a custom-designed holder and maintained under anesthesia (2% isoflurane) during the scanning period (29) . The abdominal adipose tissue volume of the torso was quantified for the region spanning the proximal surface of the L1 vertebra through to the distal surface of L5 vertebra. The abdominal total adipose tissue (TAT) volume was further segregated into the individual volumes of visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT) and quantified using a custom automated algorithm (30, 31) . The trabecular bone in the proximal tibial metaphysis (960 m thickness, beginning 430 m below the growth plate) was digitally segregated from the cortical bone and quantified for morphological parameters using a custom algorithm (32) . The percentage change of trabecular and cortical bone parameters, which occurred over phase II, were evaluated for each individual animal.
Flow cytometric analysis of B and T cells in bone marrow and blood
At euthanasia, cellular constituents within the bone marrow were determined from the right femur. Bone marrow was flushed out of the cavity with supplemented medium, mixed, and filtered through a 70-m mesh (BD Biosciences, San Jose, CA, USA). Supplemented medium was prepared with Dulbecco's modified essential medium (Life Technologies Inc., Gaithersburg, MD, USA), 2% fetal bovine serum (Invitrogen, Carlsbad, CA, USA), 1% penicillin/streptomycin, and 10 mM HEPES buffer (Life Technologies). Red blood cells in the bone marrow were lysed with 1ϫ PharmLyse (BD Biosciences). A single-cell suspension containing 2 ϫ 10 6 cells from each animal was prepared to identify the myeloid, T-, and B-cell populations through direct immunofluorescent staining with flow cytometeric analysis (FACSCalibur; BD Biosciences). B cells positive for B220 and T cells positive for CD4 and CD8 (33) were stained using fluorochrome-conjugated antibodies with distinct emission spectra [allophycocyanin (APC)-and phycoerythrin (PE)-conjugated CD45/B220 antibodies, and PE-conjugated CD4 and CD8 antibodies, respectively (BD Pharmingen; BD Biosciences)]. Similarly, 100 l of whole blood obtained from cardiac puncture at euthanasia from all mice was lysed with 1ϫ PharmLyse and prepared and stained for B-and T-cell populations, and characterized using FACS analysis software (FlowJo; TreeStar, Inc., Ashland, OR, USA).
Bone resorption biomarker
Plasma isolated from the heparinized blood collected at euthanasia was portioned into aliquots and stored at Ϫ80°C until analysis. Using ELISA kits (Inter Medico, Markham, ON, Canada; MyBioSource, San Diego, CA, USA), the concentration of osteoclast-specific tartrate-resistant acid phosphatase Phase I, which began when the mice were 2 mo of age, involved only differences in diet: according to their assigned groups, mice were fed either a high-fat diet (HF) or a regular diet (RD) for 3 mo, allowing the obese phenotype to be fully established by 5 mo of age. Phase II then tested the effects of combined challenges of diet plus LIV in RDv and HFv groups, while RDc and HFc groups remained on the same diet treatment and were sham-loaded. While no differences were measured between RDc and RDv groups by the end of phase II, the obese phenotype created in the HFc group markedly accelerated bone loss between 5 and 9 mo of age, and suppressed the immune system, as indicated by compromised B-cell activity. HFv treatment, while slightly reducing adiposity relative to HFc treatment, served to restore the bone and reestablish B-cell levels to those in RD groups.
(TRAP)-5b and bone-specific alkaline phosphatase (ALP) in the plasma were measured and compared with standard curves according to manufacturer's instructions.
Gene expression in bone marrow
Total RNA was extracted from the bone marrow from the right tibia using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Any DNA contamination was prevented by treatment with RNase free DNase (Qiagen). The extracted RNA was quantified and verified for its purity at an absorbance ratio of 260/280 with a spectrophotometer (NanoDrop; Thermo Scientific, Wilmington, DE, USA). A total of 400 ng of RNA from each sample was converted to single-stranded cDNA by a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). Aliquots of cDNA were stored at Ϫ20°C until analysis.
Gene expression levels of an array of genes, as summarized in Table 1 , were evaluated using a real time PCR system (StepOnePlus; Applied Biosystems). Using TaqMan 
Statistical analysis
All data are shown as means Ϯ sd. To determine significant differences between experimental groups, a 1-way analysis of variance (ANOVA) with a Tukey post hoc analysis was used. Statistical significance value was set at P Յ 0.05.
RESULTS
High-fat diet induced the obese phenotype
While several phenotypic responses in the HFc and HFv groups diverged over the phase II period, RDv treatment had no effect relative to RDc in any of the parameters considered, so these two RD groups were pooled for the presentation of the data. The HFv data are presented below, after first considering the effect of the HFc relative to RDc. By the end of the 3-mo high-fat-diet period, defined by the close of phase I, each HF group showed 37% higher body mass (Fig. 2) and 124% higher abdominal TAT volume when compared to the mice of the same age fed with a regular diet (PϽ0.001; Fig. 3A, B) . The 4-mo course of phase II showed a continued increase in body mass and adiposity across all groups, with the HFc group showing 45% higher body mass and 62% larger TAT volume than RD groups by the end of protocol (PϽ0.001). As compared to RDc, the higher adipose burden in the HFc group was caused predominately by an increase in VAT (ϩ95%, PϽ0.001), as opposed to SAT (ϩ12%, Pϭ0.43) (Fig. 3C, D) .
Obesity accelerated age-related loss of trabecular bone
Longitudinal evaluation of the proximal metaphysis of the tibia indicated that RD mice realized a loss of 38% of trabecular bone through the 4-mo period of phase II. This is significantly less than the bone deterioration measured in the HFc group, which fell 61% from the Osteoclast differentiation and activation Mm01313944_g1 Figure 2 . Change of body mass over two phases of the experiment. Phase I spanned 0 to 3 mo of the protocol, which brought mice from 2 to 5 mo of age. Phase II, beginning at dashed line, spanned 3 to 7 mo of the protocol, which brought mice from 5 to 9 mo of age. While marked increases in body mass between the HF and RD groups were found through the entire protocol, the mechanical intervention (RDv and HFv treatment) did not cause a divergence in mass from the control groups. Body mass of HF groups are significantly higher than RD groups starting at the fourth week, and extended through the remainder of the study.
baseline established at the beginning of phase II (PϽ0.003; Fig. 4A, B) . The microstructural changes of the trabecular bone in the RD groups showed that the age-related bone loss was realized through an aggregate of a 21% reduction of trabecular number (Tb.N), 11% thinning of trabecular thickness (Tb.Th), and 39% increase in trabecular separation (Tb.Sp; Fig. 4C ). As compared to RD groups, the accelerated loss of bone volume in the HFc group was due to the product of a 289% reduction in Tb.Th, 27% loss in Tb.N, and 61% increase in Tb.Sp. No change in any individual microstructural parameter measured in HFc mice was significantly different from RD groups. Trabecular bone mineral density, cortical bone volume, or cortical bone mineral density was not affected by the high-fat diet.
Relative to baseline, the slight decreases in trabecular bone mineral density in HFc mice (Ϫ3.5%, Pϭ0.36) and RD mice (Ϫ1.3%, Pϭ0.51) were not significantly different. In terms of cortical bone, neither HFc nor RD mice experienced significant changes in bone loss (Ϫ7%, Pϭ0.99) and bone mineral density increased (ϩ3%, Pϭ0.97) relative to baseline (43) .
Suppression of B-lymphocyte populations by obesity
Flow cytometry analysis indicated that both B-and T-cell populations were significantly repressed by the high-fat diet as compared to regular diet. The propor- tion of B cells in the bone marrow of RD mice was 14%, and 60% in the peripheral blood (Fig. 5A) . HFc treatment resulted in significant reductions of B-cell populations both in the bone marrow (Ϫ52%, PϽ0.05) and in the blood (Ϫ36%, PϽ0.01) as compared to RD. While the spleen weights of HFc mice (ϩ91%, Pϭ0.001) and HFv mice (ϩ68%, PϽ0.02) were higher than in RD groups, the spleen-to-body-weight ratios of HFc mice (ϩ35%, Pϭ0.08) and HFv mice (ϩ20%, Pϭ0.52) were not significantly higher than in RD groups. While T-cell proportions in the RD mice were 3 and 20% in the bone marrow and blood, respectively, the effect of HFc was mainly evident only in the blood, with 38% reduction in T-cell populations relative to RD groups (Pϭ0.05, Fig. 5B ).
Salutary effect of LIV on adipose, bone and B-cell status
While HFc treatment resulted in a 95% increase in VAT over RD (PϽ0.001), LIV attenuated VAT in HFv mice by Ϫ18%, making it only 60% higher than in RD mice (PϽ0.02; Fig. 3C ). Also, while the amount of bone lost in HFc mice was significantly greater than RD, the 43% loss of trabecular bone in HFv mice over phase II was significantly less than in HFc mice (Ϫ29%, PϽ0.05) and resulted in a trabecular volume similar to the 38% loss measured in RD mice over phase II (Pϭ0.73; Fig.  4B ). Finally, while HFc treatment caused a significant reduction in B-cell proportion in the bone marrow and blood, circulating B cells in HFv mice were 57% higher than in HFc mice (PϽ0.04), restoring them to levels measured in the blood of RD mice (ϩ1%, Pϭ0.99; Fig.  5A ). The 32% increase in B cells in the bone marrow of HFv mice was not significantly different than that measured in HFc mice.
Influence of high-fat diet and LIV on bone-resorption biomarker and gene expression
Circulating bone-resorption biomarker TRAP-5b levels increased by 30% in HFc mice as compared to RD mice (Pϭ0.02), while LIV suppressed the TRAP-5b level of HFv mice by 7%, making it only 21% higher than in RD mice (PϾ0.05; Fig. 6A ). However, circulating boneformation biomarker ALP only showed trends of reduction in HFc mice (Ϫ23%, Pϭ0.35) and HFv mice (Ϫ2.1%, Pϭ0.99) relative to RD mice. Real-time RT-PCR data showed that TRAP gene expression in HFc mice increased by 87% relative to RD mice (PϽ0.03).
In some contrast, the 8% increase in TRAP measured in the marrow of HFv mice relative to RD mice was not significant (Pϭ0.97; Fig. 6B ). RANKL expression in the marrow indicated a trend of 69% up-regulation in HFc mice as compared to RD mice (Pϭ0.34), and a trend of 66% reduction in HFv mice relative to HFc mice (Pϭ0.17). Compared to RD mice, HFc mice showed trends of 41 and 61% up-regulation in Nfatc1 and PPAR␥ expression, respectively, and a trend of 29% down-regulation of PAX5 expression (Fig. 7A) . Conversely, HFv mice showed trends of 19 and 34% lower Nfatc1 and PPAR␥ expression, respectively, and a trend of 20% higher PAX5 expression relative to HFc mice. As an indication of the commitment bias of stem cells toward either osteoclasts in the myeloid lineage or B cells in the lymphoid lineage, HFc mice displayed 133% increase in the Nfatc1:PAX5 ratio (PϽ0.04) as compared to RD mice, whereas HFv mice indicated a nonsignificant 77% increase (Pϭ0.76; Fig. 7B ). Similarly, the PPAR␥:PAX5 ratio in HFc mice was 155% higher than in RD mice (PϽ0.01), while HFv mice . Acceleration and mitigation of bone loss by HF and LIV treatment, respectively, were further investigated at the molecular and transcriptional levels. Analysis of the plasma level of osteoclast-specific bone resorption biomarker TRAP-5b using ELISA (A) and expression levels of bone-resorption genes TRAP and RANKL using real-time rt-PCR (B) commonly showed up-regulation in the HFc compared to RD groups, indicating a contributing mechanism toward the accelerated loss of trabecular bone. Mechanical stimulation in the HFv group attenuated gene expression and bone-resorption biomarker for bone resorption, which may in part explain the rescue of trabecular bone relative to the RD mice. *P Ͻ 0.05 vs. pooled RD groups. indicated a nonsignificant 33% increase over RD mice (Pϭ0.76).
DISCUSSION
Consequences of obesity include increased susceptibility to disease (1, 44) and vulnerability to skeletal fracture due to insufficient bone quality relative to the loads placed on them (3, 7) . Using an in vivo animal model of diet-induced obesity, the data presented here indicate that obesity markedly accelerates the agerelated deterioration of bone structure and simultaneously undermines the B-cell population as measured in both the marrow and blood. Recognizing the generic benefits of exercise on suppressing obesity, strengthening immunity, and reversing osteopenia, the data from these experiments indicate that extremely low-magnitude mechanical signals, independent of reducing obesity per se, helped to reestablish the B-cell population and restore the bone structure despite a continued metabolic insult of a sustained high-fat diet. That the mechanical signals were so subtle, and applied for such a brief period of time, suggests that these salutary outcomes were achieved in part through a mechanically mediated shift in the fate selection of HSCs, suppressing osteoclastogenesis and restoring B-cell lymphopoiesis.
Building from previous work with this model, where the ability of these low-magnitude mechanical signals to suppress adiposity was evaluated (24), here we investigate the capacity of this stimulus to influence bone and immune system outcomes in mice that were already obese, a phenotype established in phase I of the protocol. By the end of phase II, the HFc mice were significantly fatter and heavier than RD mice, whereas exposure to the LIV signal caused a slight reduction of adipose tissue in the visceral compartment in the HFv mice, while no effect was seen in the subcutaneous region. Notably, VAT is known to be more predictive of obesity-induced pathologies, such as type 2 diabetes and coronary heart disease, than either the total or subcutaneous adiposity alone (45) (46) (47) . Further, VAT has been shown as negatively correlated to bone mineral density of the appendicular and axial skeleton (48) . Importantly, previous work has shown that the activities and metabolism indices of the mice subject to LIV, including during the time the stimulus was delivered, were essentially identical to the sham-handled mice (49) , revealing a metabolically independent, mechanotransduction pathway that reduces the visceral adipose burden over time.
As compared to that measured at the end of phase I, when the mice were 5 mo of age, a significant decline in bone quality and quantity was found over the subsequent 4 mo in RD animals, at which point they were 9 mo of age. This loss reflects the well-recognized process of age-related decline in skeletal structure (50 -52) . The absence of any influence of the mechanical intervention on these "healthy" RD animals suggests that the LIV signal failed to influence physiological systems that were not in a disrupted state in the first place (53, 54) . In some contrast, the skeletal system of the HFc mice indicated an accelerated loss of bone, doubling the rate at which bone disappeared compared to the agematched, RD animals. These data emphasize the skeletal consequences of obesity; that it is not "simply" an undersized structure relative to the mechanical demands placed on it but that an active, catabolic process occurs in bone that far exceeds that measured in healthy aging mice, contributing to a compromised structure and an increased susceptibility to fracture (3, 7) . In contrast, the LIV signal introduced to the HFv animals at the start of the 4-mo phase II reestablished bone architecture to those levels retained in RD mice. These data indicate that the consequences of obesity on accelerating the decline of the skeletal system are not necessarily inevitable and that a means of protecting or even rescuing bone structure exists despite a continued adipose burden.
In an effort to better understand the cellular and molecular mechanisms by which bone loss was accelerated in the HFc mice, we found that the plasma bone-resorption biomarker TRAP-5b, and gene expressions of TRAP and RANKL in the bone marrow of HF mice increased relative to RD mice, suggesting that the obese condition predisposes the marrow niche to be catabolic to bone. A recent in vitro study showed that, when subjected to a similar LIV protocol as the one used here (0.3 g; 30, 60 or 90 Hz; 1 h), osteocytes released significantly lower-soluble RANKL, which in turn inhibited the formation of multinucleated oste- oclasts while attenuating the amount of resorptive activity (55) . The suppression of TRAP and RANKL expression by LIV in the HFv group suggests a means, independent of promoting osteoblastogenesis (56) , that drives bone turnover toward protecting the skeleton by biasing HSC progenitors away from osteoclastogenesis.
In addition to the accelerated loss of bone caused by HF treatment, the immune system was also compromised by obesity, as reflected by the significant reduction of B cells in HFc mice relative to RD mice. The decrease in both bone marrow and circulating B cells indicates an impairment of hematopoiesis, which may expose the host to a greater susceptibility to infection and a host of other diseases (11, 44) . Restoration of the B-cell population in the HFv mice to RD levels through LIV suggests that mechanical signals, whether direct or introduced using exercise, serve to protect the immune system and that recovery from the disruption caused by obesity does not inherently require a reduction in adiposity but rather reestablishing healthy fate selection of the HSC progenitors. Ultimately, this finding suggests that the HSC population can be influenced directly by physical signals and that mechanical events can protect the adult stem cells from dysfunction even under the pressures of adipogenic conditions (56) . Of course, further studies are essential to evaluate the functional performance of B cells in the HFc and HFv groups. Also, although C57BL/6J mice are a widely used model of diet-induced obesity as they develop similar pathologies as humans (e.g., hyperglycemia and hyperinsulinemia) when subjected to a high-fat diet, differences in genetic background in a different obesity model could exhibit a distinct immune response.
As indicated by the HF-induced shift in gene expression ratios of PPAR␥:PAX5 and Nfatc1:PAX5, obesity predisposed HSC differentiation toward osteoclastogenesis and away from B lymphopoiesis. Considering that PPAR␥ and Nfatc1 are both involved in osteoclastogenesis (36 -38) , while PAX5 is critical to B lymphopoiesis (34, 35) , the 2-fold rise in these ratios caused by HF treatment provide some mechanistic insight into the fall in bone quality and collapse in B-cell numbers. Recent evidence also indicates that PPAR␥, in addition to its accepted role in promoting adipogenesis and inhibiting osteoblastogenesis in MSCs, stimulates osteoclast differentiation from HSCs (37, 38) . In vivo work studying the role of Nfatc1 in osteoclastogenesis demonstrates that the deletion of Nfatc1 in young mice resulted in osteopetrosis and inhibition of osteoclastogenesis (36) . Also, Nfatc1 regulates RANKL-induced osteoclast activation by up-regulating osteoclast-activating genes, such as cathepsin K and c-Src (42) . PAX5, an essential transcription factor in B-lineage commitment, works by suppressing alternative lineage choices (34) . It is expressed exclusively in the B-lymphocyte lineage, essential for the commitment of lymphoid progenitors to the B-lymphocyte fate (35) .
Interestingly, the application of LIV to the HFv group restored these ratios toward those measured in RD groups, which paralleled the rescue of B-cell populations and slowing of bone loss (Fig. 7B) . This interpretation is supported by a series of studies that used a genetic-knockout model, PAX5
Ϫ/Ϫ mice, where the PAX5 deficit was shown to cause not only a developmental arrest of B-cell lineage but also an osteopenia phenotype and an increase in osteoclast number (57) . Extrapolating to the experiments reported here, the accelerated loss of bone and reduction in B cells as caused by the high-fat diet, coincident with a disruption of HSC differentiation, were similar in fashion to that measured in PAX5 Ϫ/Ϫ mice, suggesting a key role for this gene in driving the phenotypic outcomes of dietinduced obesity, in terms of adipose burden, skeletal quality, and the balance of the immune system. In summary, this study demonstrates that obesity will negatively affect both the skeletal and immune systems, and disrupt the balance of the bone marrow stem cell environment. Building on evidence that exercise helps to suppress obesity, reverse osteopenia, and strengthen immunity, the data presented here also indicate that brief daily exposure to extremely low-magnitude mechanical signals slowed the loss of bone and restored B-cell populations, despite the persistent insult caused by a high-fat diet. The rescue of the bone and B-cell systems toward that measured in RD groups was achieved in part by biasing the differentiation pathways of the hematopoietic stem cell toward lymphoid B-cell fate and away from osteoclastogenesis. Understanding the role of the stem cell niche in promulgating obesityrelated disorders, and the salutary action of mechanical signals, may ultimately contribute to a unique nondrug treatment strategy for a host of diabetes-and obesityrelated health problems.
